INTRODUCTION
At least 30% of the world's population is infected with latent Mycobacterium tuberculosis, which in some individuals will reactivate and cause an estimated 1.3 million deaths a year (WHO, 2009) . This health crisis is exacerbated by the alarming emergence of multidrug-and extensively drug-resistant strains. The development of new chemotherapeutic strategies is imperative, which requires insight into the pathways involved in M. tuberculosis infection, persistence, and drug resistance.
During infection, mycobacteria and other intracellular bacterial pathogens withstand an arsenal of host-derived mutagens that can result in DNA strand breaks, point mutations, and chromosomal deletions Buchmeier et al., 1995; Darwin and Nathan, 2005; Hassett and Cohen, 1989) . The bacteria are also starved for nutrients and oxygen such that endogenous alkylating agents damage the bacterial genome (Taverna and Sedgwick, 1996) . Regardless, M. tuberculosis is able to persist for the lifetime of the host, indicating that this pathogen has substantial mechanisms to resist host-inflicted starvation and damage. M. tuberculosis mutants deficient in DNA repair, amino acid metabolism, or response to hypoxia are attenuated in vivo, thus highlighting the importance of active resistance to host attacks (Darwin and Nathan, 2005; Boshoff et al., 2003; McAdam et al., 1995; Shiloh et al., 2008) .
To persist in this hostile environment, M. tuberculosis enters a state of dormancy and rapidly downregulates ribosome biogenesis to match declining translational need, a response that requires coordinate transcriptional regulation of all ribosome components (Betts et al., 2002) . Bacteria accomplish this via the stringent response, a global regulatory mechanism in which transcription of stable RNAs is inhibited, in part by the production of the hyperphosphorylated guanine nucleotides ppGpp and pppGpp, ((p)ppGpp) Chatterji and Ojha, 2001; Magnusson et al., 2005) . (p)ppGpp is synthesized during nutrient, phosphate, and nucleotide deprivation, stationary phase, and alkaline shock. (p)ppGpp destabilizes the RNAP open complex, a kinetic intermediate that exists during transcriptional initiation, as well as inhibits DNA replication and other cellular processes (Magnusson et al., 2005; Nanamiya et al., 2008; Ojha et al., 2000; Primm et al., 2000; Wang et al., 2007; Haugen et al., 2008) .
It has become clear that (p)ppGpp is not the only factor that participates in stringent control. In E. coli, the DksA protein potentiates the effect of (p)ppGpp by directly binding the RNAP (Paul et al., 2004) . In a DdksA strain, rRNA transcription is insensitive to (p)ppGpp accumulation, thus leaving rRNA promoters unresponsive to changes in amino acid availability and growth rate (Paul et al., 2004) . Deletion of DksA has pleiotropic effects including DNA damage sensitivity (Branny et al., 2001; Magnusson et al., 2007; Meddows et al., 2005; Trautinger et al., 2005; Webb et al., 1999) . Despite the intricate functional relationship between DksA and (p)ppGpp in E. coli, obvious DksA homologs are absent from most nonproteobacteria, whereas (p)ppGpp synthetases are broadly distributed, possibly indicating that other factors exist to control ribosomal biogenesis in these organisms.
In this report, we identify carD as a widely distributed gene induced by DNA damage and starvation whose protein product binds the RNAP to control rRNA transcription in mycobacteria. CarD can complement an E. coli DdksA strain, but in contrast to E. coli DksA, CarD is required for mycobacterial viability under all conditions, both in culture and during all stages of mouse infection. Unlike DksA, CarD proteins interact with the N terminus of the RNAP b subunit, a binding site shared by transcription repair coupling factor (TRCF). These data establish CarD proteins as highly conserved and essential components of a previously unrecognized mechanism of stringent control in mycobacteria.
RESULTS

Mycobacterial carD Is Upregulated in Response to Genotoxic Stress and Nutrient Deprivation
To further understand the mycobacterial response to DNA double-strand breaks (DSB), we undertook a DNA microarray analysis of the transcriptional response of Mycobacterium smegmatis to DSB generated by the homing endonuclease I-SceI. The analysis compared two M. smegmatis strains: mgm181 and mgm182. Both strains are induced by anhydrotetracycline (ATc) treatment to express a hemagluttinin (HA) epitope-tagged I-SceI (Ehrt et al., 2005; Stephanou et al., 2007) , but only the mgm182 genome is cleaved by I-SceI whereas mgm181 produces the endonuclease without a chromosomal break. One of the most highly upregulated genes in this comparison was previously uncharacterized carD (MSMEG_6077). On average, carD mRNA was upregulated 2.4-fold in bacteria undergoing chromosomal breakage (data not shown). The transcriptional induction of carD after I-SceI-generated DSB was verified by quantitative real-time PCR (qRT-PCR) ( Figure 1A ).
To determine whether carD upregulation is a generalized response to genotoxins, we treated wild-type M. smegmatis cultures with double-strand DNA-damaging agents bleomycin and Ciprofloxacin, alkylating agent methyl methanesulphonate (MMS), and the oxidizing agent hydrogen peroxide (H 2 O 2 ). We observed that carD transcript increased with all genotoxins tested except high doses of H 2 0 2 , with the most dramatic induction observed with Ciprofloxacin and 10 mM H 2 O 2 , which induced carD transcription 8-fold compared to untreated cells ( Figure 1B) . M. tuberculosis carD (Rv3583c) has also been identified as a transcriptionally upregulated gene in microarray experiments after exposure to the DNA-damaging agents mitomycin C, UV radiation, H 2 O 2 , and quinolone DNA gyrase inhibitors (Boshoff et al., , 2004 .
CarD proteins are highly conserved in all mycobacteria sequenced thus far. M. smegmatis CarD shares 98.1% and 95.7% identity with the proteins encoded by M. tuberculosis Rv3583c and M. leprae ML0320, respectively. CarD proteins are highly conserved in many eubacteria and are absent from archaebacteria and eukaryotes ( Figure 1D ; Table S1 available online; Cayuela et al., 2003) , but are of unknown function. The only available information comes from work in Myxococcus xanthus and Stigmatella aurantiaca, which each express two related CarD proteins of differing length (Cayuela et al., 2003; Nicolas et al., 1994) . The shorter myxobacterial CarD protein is the same length as mycobacterial CarD and contains a conserved leucine zipper motif and N-terminal region of homology to the TRCF RNAP interaction domain (RID) but is otherwise uncharacterized ( Figure 1D ). The longer M. xanthus CarD protein is necessary for the activation of numerous pathways including starvation-triggered fruiting body formation (Cayuela et al., 2003; Nicolas et al., 1994) . Similarily, we observed 20-fold induction of M. smegmatis carD transcription during early starvation in PBS ( Figure 1C) . Together, the microarray and qRT-PCR data demonstrate the upregulation of carD mRNA in response to a broad range of stresses.
CarD Is Essential for M. smegmatis and M. tuberculosis Viability To further understand the cellular function of CarD, we undertook a genetic approach. Initial attempts to delete carD from the M. smegmatis and M. tuberculosis chromosomes were unsuccessful, strongly suggesting that CarD is essential for viability. To confirm essentiality and study CarD further, we constructed strains that allow for conditional depletion of CarD under tetracycline control. CarD expression from the attB site allowed deletion of the endogenous carD gene, thus generating the M. smegmatis and M. tuberculosis DcarD attb::tetcarD strains (Figures 2A and  2B) . To obtain conditional knockdown of M. smegmatis CarD, DcarD attB::tetcarD was transformed with an episomal plasmid that directs the synthesis of TetR (Ehrt et al., 2005) , a repressor that binds the operator of the tetracycline-regulated promoter in the absence of anhydrotetracycline (ATc), which generated the strain mgm1703. Mgm1703 grows well only in the presence of at least 10.0 ng/ml of ATc, thus confirming that CarD is essential for viability ( Figures 2C and 2D) . A control strain, mgm1701 survives independent of ATc ( Figures 2C and 2D) . Survival assays and quantitative RT-PCR after tetracycline withdrawal showed that declining carD transcript levels directly correlated with cell death ( Figure 2E) .
Transformation of M. tuberculosis DcarD attb::tetcarD with a plasmid that expresses revTetR (Guo et al., 2007) , a repressor that binds the operator of the tetracycline-regulated promoter in the presence of ATc, generated the strain mgm1797 and abolished growth in 50 ng/ml ATc ( Figure 2F ). Mgm1797 also grew slowly in the absence of ATc, and western blot analysis demonstrated that low CarD protein levels in mgm1797 correlated with the slow growth of the strain ( Figure 2G ). These experiments demonstrate that CarD is essential for growth of M. tuberculosis and M. smegmatis in culture.
CarD Is Necessary for Survival during Oxidative Stress, DNA Damage, and Nutrient Limitation Because carD transcription is upregulated during DNA damage and nutrient deprivation, we tested whether CarD was necessary for survival under these conditions. Mgm1703 and mgm1701 cultures were diluted to an OD600 of 0.05 into media with or without 50 ng/ml ATc for 13 hr before treating with varying concentrations of H 2 O 2 and bleomycin for 1 hr or 10 mg/ml of Ciprofloxacin for 1 and 2 hr. Thirteen hours of depletion was chosen because at this point carD RNA levels were barely detectable, but 50% of the cells were still alive ( Figure 2E ). We found that mycobacterial cells lacking CarD were 50,000-fold Figures 3A, 3B , 3D, and 3E). CarD depletion also caused a 10-fold reduction in M. smegmatis survival during starvation ( Figure 3F ) but had no effect on cell survival during bleomycin treatment ( Figure 3C ). These data show that M. smegmatis CarD is necessary for survival during oxidative stress, doublestrand DNA breaks, and nutrient limitation and defines CarD as a novel mediator of mycobacterial responses to these conditions. (E) Survival and carD transcript levels of M. smegmatis Tet-CarD and the control strain after removal of ATc. Each strain was diluted to an OD600 of 0.05 into media either with or without ATc. At each time point, survival was determined by plating dilutions onto LB + 50 ng/ml ATc and is expressed as a ratio to CFUs from the respective culture in 50 ng/ml ATc (left axis, dashed lines). qRT-PCR was performed on RNA samples collected at each time point and carD transcript levels were normalized to sigA transcript levels and expressed as a fold change from time 0 (right axis, solid lines). Graph is mean ± SEM. (F) Growth of M. tuberculosis Tet-CarD (mgm1797) and control strain (mgm1799) in 7H9 broth with or without ATc. Each strain was diluted to an OD600 of 0.05 into the appropriate media and the OD600 was measured at the designated time points. In this system, ATc represses carD expression.
(G) Western blot analysis of total protein lysates of the same cultures in (F) via rabbit polyclonal antibodies specific for CarD and DlaT (loading control).
CarD Is Required for the Stringent Response
The diverse stresses that activate CarD suggest that this protein is involved in a global regulatory response. To explore the transcriptional changes caused by CarD loss, we performed whole-genome transcriptional profiling on M. smegmatis cells depleted of CarD compared to CarD-replete cells. The microarray analysis revealed that during CarD depletion, 193 genes were upregulated >2-fold and 176 genes were downregulated >2-fold (Table S2 ). The most striking result from this analysis was that 22% of the genes upregulated greater than 2-fold after CarD depletion encoded components of the translation machinery and amino acid biosynthetic pathways. This included entire operons of ribosomal proteins and translation elongation and initiation factors ( Figure 4A ). qRT-PCR confirmed that CarD depletion leads to an upregulation of 16S rRNA and rpsH ribosomal protein transcripts in M. smegmatis (Figures 2E and 4B) and M. tuberculosis (Figures 2G and 4C) . Together, the microarray and qRT-PCR experiments demonstrate that CarD depletion leads to transcriptional upregulation of stable RNAs and other components of the translation machinery. Relaxed bacterial strains are impaired for the stringent response and fail to downregulate rRNA and ribosomal protein transcription during starvation and other stresses (Alfoldi et al., 1962; Cashel and Gallant, 1969; Nene and Glass, 1983; Tedin and Bremer, 1992) . CarD depletion in nutrient-rich media causes a transcriptional signature similar to the relaxed phenotype, but CarD also accumulates in response to a wide range of stresses (Figure 1 ), suggesting that CarD might be involved in stringent control. rRNA levels in wild-type M. smegmatis are repressed during starvation (2-fold) and H 2 O 2 (4-fold) and Ciprofloxacin (1.2-fold) treatment ( Figure 4D , green bars), responses that were abolished when CarD was depleted ( Figure 4D , red bars). Direct comparison of rRNA levels during CarD depletion to those in control cells under each condition indicates that CarDdepleted cells accumulated 4.5-fold more rRNA than did wildtype cells during starvation, 8.5-fold more during oxidative stress, and 5.5-fold more during Ciprofloxacin treatment ( Figure 4E ).
To confirm that the regulation of rRNA during oxidative and genotoxic stress was related to the same stringent control machinery as nutrient deprivation, we analyzed rRNA levels in an M. smegmatis DrelA strain. Loss of RelA, an enzyme responsible for production of (p)ppGpp (Avarbock et al., 1999; Dahl et al., 2005; Primm et al., 2000) , abolished mycobacterial stringent control of rRNA during starvation, oxidative, and genotoxic stresses, which was reversed by expression of WT RelA (DrelA comp) ( Figures 4D and 4E) . Therefore, the stringent response is necessary for control of rRNA levels in mycobacteria under such conditions and defective during CarD depletion. Unlike CarD depletion, deletion of relA did not increase rRNA levels in untreated cells and did not render M. smegmatis more sensitive to oxidative or Figure 2F in the presence and absence of ATc, as determined by qRT-PCR. The fold change in rRNA levels at 7 days compared to day 0 is graphed. Graph is mean ± SEM. (D and E) 16S rRNA levels in M. smegmatis control, Tet-CarD, DrelA, and DrelA complemented with a WT relA gene (DrelA comp) strains during starvation, oxidative, and genotoxic stress. Each strain was diluted to an OD600 of 0.05 into LB without ATc. Cultures were then left untreated (U), starved in PBS + 0.05% Tween 80 for 4 hr (S), and treated for 1 hr with 10 mM H 2 O 2 (H) or 2 hr with 10 mg/ml Ciprofloxacin (C) before collecting samples for qRT-PCR analysis of 16S rRNA.
(D) Fold change of rRNA in each strain during treatment as compared to untreated (set to 1). With the same data as in (D), (E) illustrates the rRNA levels in each mutant compared to the CarD + control strain in the same conditions. In all assays, rpsH and rRNA transcript levels were normalized to sigA transcript levels.
(F) (p)ppGpp accumulation during the stringent response. M. smegmatis Tet-CarD and control strain (Con) were diluted to an OD600 of 0.05 in 7H9 broth with or without ATc for 10 hr before labeling intracellular nucleotides in untreated cultures (7H9) or during nutrient deprivation (starve) and oxidative stress (H 2 O 2 ) and analyzing by TLC. The migration positions of ATP, GTP, and ppGpp were determined by nonradioactive nucleotide controls.
genotoxic stress ( Figure 4E ; Figure S1 ). These data demonstrate that CarD is necessary for the mycobacterial stringent response to starvation, oxidative, and genotoxic stresses as well as control of rRNA under normal growth conditions. To further delineate the role of CarD in stringent control, we examined the effect of CarD depletion on the accumulation of (p)ppGpp. In untreated cultures, there was no detectable (p)ppGpp in any strain, regardless of CarD levels ( Figure 4F ). In wild-type cells, starvation and H 2 O 2 both caused dramatic upregulation of (p)ppGpp. In CarD-depleted cells, ppGpp still accumulated, although to a slightly lesser degree. The difference in (p)ppGpp between wild-type and CarD-depleted cells is unlikely to explain the rRNA transcription deregulation observed because ppGpp accumulation during CarD depletion should lead to a partial downregulation of rRNA rather than the induction of rRNA that we observe (Figure 4 ). These findings indicate that ppGpp is ineffective in inducing stringent control when CarD is absent.
CarD Directly Interacts with the RNAP b Subunit at Regulated Promoters
To test whether CarD regulates transcription via direct physical interactions with the RNAP, we engineered M. smegmatis DcarD attB::tetcarD-HA, which encodes a functional HA-tagged version of CarD at the attB site. Immunoprecipitation of wholecell lysates with HA antibodies coprecipitated HA-CarD and the RNAP b subunit from the DcarD attB::tetcarD-HA lysate but not from the control lysate containing untagged CarD ( Figure 5A ). To more comprehensively survey CarD-interacting proteins in M. smegmatis, we analyzed the same eluates by SDS-PAGE and mass spectroscopy. The four major proteins detected were HA-CarD and the a, b, and b' subunits of RNAP (Figures 5B) . No other proteins on the Coomassie blue-stained gel were present in the same stoichiometry as the RNAP subunits, suggesting that the interaction between CarD and the RNAP is direct. These findings conclusively demonstrate that CarD forms a complex with the RNAP. Chromatin immunoprecipitation (ChIP) experiments with HA antibodies in M. smegmatis DcarD attB::tetcarD-HA specifically precipitated the promoters regulating the rRNA operons or the rplN operon (encoding ribosomal proteins L14, L24, L5, and S14p/S29e) ( Figure 5C ), thus confirming that CarD is physically present on the RNAP complex at the rRNA and ribosomal protein loci.
The N terminus of CarD proteins display amino acid sequence similarity to the TRCF RID ( Figure 5D ). TRCF, encoded by the mfd gene, revives backtracked elongating RNAPs, terminates transcription at repressor binding sites, and mediates the repair of lesions in the transcribed DNA strand by interacting with stalled transcription elongation complexes and recruiting nucleotide excision repair components to the site (Chambers et al., 2003; Deaconescu et al., 2006; Park et al., 2002; Selby and Sancar, 1995; Washburn et al., 2003; Zalieckas et al., 1998) . Abundant evidence indicates that the TRCF RID interacts directly with the N terminus of the RNAP b subunit (Deaconescu et al., 2006) . We tested whether CarD interacts with the N terminus of RNAP b by using a bacterial two-hybrid assay (Dove et al., 1997; Nickels, 2009 ) that was previously used to detect the TRCF RID/b interaction (Deaconescu et al., 2006) . Because a CarD homolog exists in Thermus thermophilus, for which a high-resolution RNAP structure is available (Murakami et al., 2002) , we performed the two-hybrid analysis by using proteins from both M. tuberculosis and T. thermophilus. Although we were unable to detect either a CarD/b interaction or a TRCF RID/b interaction with protein sequences derived from M. tuberculosis (data not shown), we found that the N-terminal domain of T. thermophilus CarD, which shares homology with the TRCF RID and M. tuberculosis CarD (Figure 5D ), interacted with the N terminus of RNAP b (amino acids 10-133) to the same degree as did the TRCF RID ( Figure 5E ). Full-length T. thermophilus CarD also interacted strongly with RNAP b amino acids 10-133 (data not shown). These data demonstrate that the mode of binding of CarD to RNAP is the same as TRCF.
Despite the similarities between the N terminus of CarD and the TRCF RID, attempts to complement CarD depletion with the M. smegmatis TRCF RID were unsuccessful, indicating that RNAP binding is not sufficient for CarD activity (data not shown). Additionally, an M. smegmatis Dmfd strain does not phenocopy depletion of CarD in that TRCF is not essential in mycobacteria, loss of TRCF does not affect mycobacterial sensitivity to oxidative or genotoxic stress ( Figure S1 ), and rRNA levels are regulated normally in Dmfd both during during normal growth and in conditions that elicit stringent control (Figures 5F). Therefore, despite the similar mechanism of interaction with the RNAP, CarD and TRCF have distinct cellular functions.
CarD Can Functionally Replace DksA but Not TRCF in E. coli The importance of CarD in resistance to genotoxic stress and nutrient limitation, its direct association with the RNAP, and its cellular function to regulate ribosomal component transcription is reminiscent of the functions of E. coli DksA. DksA sensitizes RNAP to the action of (p)ppGpp and is essential for stringent control of transcription in E. coli (Paul et al., 2004) . However, obvious DksA homologs are absent from many sequenced nonproteobacterial genomes, raising the possibility that these organisms employ distinct strategies to control transcription at ribosomal promoters. To determine whether CarD is a functional homolog of DksA, we tested whether CarD could replace DksA in E. coli, assayed by rescue of the amino acid auxotrophy reported for the DdksA strain (Magnusson et al., 2007) . Expression of M. smegmatis CarD from an E. coli promoter restored DdksA growth on minimal media almost to the extent as DksA itself ( Figures 6B and  6C) . CarD was also able to partially complement the small colony phenotype of the DdksA strain on minimal media ( Figure S2 ). Western blot analysis with protein concentration standards showed that there were between 1000 and 3000 CarD molecules per cell in these experiments, which is comparable to the amount of endogenous E. coli DksA (data not shown) (Paul et al., 2004) .
To test whether CarD could replace DksA in the stringent response, we measured rRNA levels during starvation and found that CarD was able to decrease the elevated rRNA levels in the DdksA strain during nutrient limitation ( Figure 6D ). The N terminus of CarD containing the TRCF RID homology module (CarDDLZ-HA, Figure 6A ) was sufficient to compensate for dksA in terms of downregulation of rRNA, as was the E. coli TRCF RID itself ( Figure 6D ). In contrast, TRCF RID L499R, which does not interact with the N terminus of the RNAP b subunit (Deaconescu were not able to reproducibly complement DdksA auxotrophy (data not shown). Similarly, expression of DksA and full-length CarD-HA, but not CarDDLZ-HA, increased the growth rate of DdksA in LB ( Figure 6E ). Immunoprecipitation of CarD-HA or CarDDLZ-HA confirmed that both proteins interact with E. coli RNAP ( Figure 6F ), further supporting the proposal that the N terminus of CarD interacts with RNAP. These data clearly demonstrate that CarD can functionally replace DksA in E. coli and that interaction of either the TRCF RID or CarD at the N terminus of the RNAP b subunit is sufficient to decrease rRNA transcription in the DdksA strain. Overexpression of FLAG-DksA did not allow for deletion of carD (data not shown) in M. smegmatis, even though FLAGDksA was able to complement a DdksA E. coli mutant (data not shown) and was amply expressed in M. smegmatis (Figure 6G) . However, IP experiments demonstrated that E. coli DksA could not interact with the mycobacteria RNAP even when CarD was depleted, which likely explains why this protein does not replace CarD function ( Figure 6G ).
The data above indicate that CarD and TRCF RID share a common binding site on RNAP. To ask whether CarD could replace TRCF in displacing stalled RNAP elongation complexes, we used a roadblock repression assay (Deaconescu et al., 2006) . This assay measures dissociation of a stalled RNAP at a repressor roadblock in the firefly luciferase gene. Loss of TRCF function in this assay yields higher reporter activity because of a deficiency in RNAP displacement. Only E. coli TRCF, but not TRCF RID, full-length M. smegmatis CarD, or CarDDLZ could replace TRCF in this assay ( Figure 6H ). These data are consistent with previous reports that interaction with the RNAP is not sufficient for RNAP displacement (Chambers et al., 2003) . Thus, although CarD and TRCF RID share a common mode of interaction with RNAP and can function similarly in stringent control, CarD cannot replace the function of TRCF.
M. tuberculosis CarD Is Necessary for Replication and Persistence during Infection of Mice
We have shown that CarD is critical for resistance to oxidative stress, DNA damage, and nutrient deprivation in culture. Therefore, we hypothesized that CarD would be important during M. tuberculosis pathogenesis, when host immunity imposes these stresses on the bacterium. To test this hypothesis, mice were infected with either mgm1799 or mgm1797, the latter of which allows for conditional suppression of CarD expression, and bacterial titers in the lungs and spleens were determined (Figure 7 ). In the absence of doxycycline, mgm1799 and mgm1797 displayed similar kinetics and virulence in mice ( Figures 7A and 7C) . Separate groups of mice received doxycycline on day 1 (acute infection, Figures 7D-7F ) or day 56 (chronic infection, Figures 7G-7I ) to determine the role of CarD in acute and persistent infection. Within a week of CarD depletion at day 1, mgm1797 cells were unable to replicate, whereas mgm1799 cells were unaffected. Additionally, none of the surviving mgm1797 cells at day 7 retained the revTetR plasmid ( Figure 7E ). During persistent infection, repression of CarD by doxycycline caused a 73%-75% reduction in mgm1797 titers in the lung and 50%-65% decrease in the spleen ( Figures 7G and 7I ). All surviving mgm1797 cells also lost the strep R plasmid expressing revTetR, which was highly stable in both strains without doxycycline treatment (Figures 7B and 7H) . This indicates that although some mgm1797 cells died, cells surviving doxycycline treatment had all lost the revTetR plasmid to restore CarD expression. These data demonstrate that CarD is essential not only for bacterial replication in vivo, but also during the persistent phase of infection, when bacterial titers are stable.
DISCUSSION
We have identified CarD as an RNAP-interacting protein that controls rRNA transcription in mycobacteria both at steady state and during diverse cellular stresses including starvation, DNA damage, and oxidative stress. CarD is a new member of an expanding family of proteins and small molecule nucleotide effectors that modulate transcription without binding DNA as part of the prokaryotic global response to stress. Notably, CarD proteins are widely distributed, indicating that the mechanisms identified here are important in diverse bacterial species, including the pathogens M. tuberculosis, Bacillus anthracis, Mycobacterium leprae, Leptospira, and Clostridium.
A Distinct Mechanism of rRNA Transcription Regulation through CarD
CarD can replace some functions of DksA in E. coli and physically associate with the RNAP, but the mechanics of the CarD-RNAP interaction are distinct from DksA-RNAP. The three-dimensional structure of DksA is highly similar to GreA and GreB, the transcript cleavage factors that protrude deeply into the secondary channel of RNAP (Opalka et al., 2003; Perederina et al., 2004; Stebbins et al., 1995) . Structural modeling and experimental evidence support a model in which DksA exerts its effects on the RNAP through interactions within the secondary channel. In contrast, the CarD N terminus has a TRCF RID module and interacts with the N terminus of the RNAP b subunit, where TRCF binds. Accordingly, TRCF RID alone can mimic the effect of CarD on rRNA transcription in an E. coli DdksA strain. These results suggest that CarD affects rRNA transcription through a different mechanism than DksA. Although our data identify a distinct molecular solution to the control of RNAP during rRNA transcription in mycobacteria, we note that a phylogenetic analysis of DksA and CarD in sequenced bacterial genomes identifies some organisms that lack both DksA and CarD, such as Staphlycoccus aureus (Table S1 ). This implies that these organisms have evolved yet other mechanisms to regulate rRNA levels.
Why Is carD Essential in Mycobacteria?
Our data demonstrate that the function of CarD in mycobacteria shares many similarities to that of DksA in E. coli. However, a major difference between CarD and DksA is that CarD is essential for mycobacterial viability under all conditions, whereas E. coli DksA is dispensable in nutrient-rich media. There is emerging evidence that RNAP arrays are impediments to DNA repair and replication, and pathways that destabilize RNAP are important to maintain genomic integrity (Trautinger et al., 2005; Trautinger and Lloyd, 2002) . The synergy of dksA mutations with mutations in ruvC/mfd/greA (Trautinger et al., 2005) supports the model that loss of dksA impairs viability when RNAP function and DNA repair are further compromised. Thus, one model for the essentiality of CarD in mycobacteria is that CarD loss during logarithmic growth focally increases transcription at the limited number of rDNA operons in the mycobacterial chromosome, causing a lethal impediment to replication. Although CarD of B. subtilis, which contains 10 rRNA operons, has not been examined experimentally, the gene is nonessential in saturation mutagenesis screens (Kobayashi et al., 2003) . persistence, a time when the bacteria are replicating slowly, if at all, but still must withstand host-derived oxidative stress and starvation (Munoz-Elias et al., 2005) . RelA has previously been shown to be critical for successful establishment of persistent infection in mice, also highlighting the importance of the stringent response during pathogenesis (Dahl et al., 2003) . Our identification of CarD as critical to these processes suggests that targeting CarD with small molecules, possibly through disruption of the CarD/RNAP interaction, may be an effective strategy for M. tuberculosis chemotherapy. Rifampin, a critical antimycobacterial agent for treatment of tuberculosis infection, provides a strong example of the efficacy of targeting the RNAP complex with antibiotics (Campbell et al., 2001 ). In summary, we have identified CarD as a novel regulator of RNAP transcription complexes at rRNA and ribosomal protein genes during both growth and cellular stress. These studies significantly expand the known molecular mechanisms that control ribosome biogenesis in prokaryotes and identify CarD as an essential mediator of the mycobacterial stringent response to diverse cellular stresses.
EXPERIMENTAL PROCEDURES
See Supplemental Data for more detailed methods, including media, primer sequences, and plasmid and strain construction.
qRT-PCR RNA was prepared from 5 ml of mycobacteria cultures or 1.5 ml of E. coli cultures with TRIzol and bead beating. To assure that there was no contaminating genomic DNA, RNA preparations were treated with Ambion's TURBO DNA-free kit. cDNA was created with Invitrogen's SuperScript III First-Strand Synthesis System. Quantitative PCR was performed with NEB's DyNAmo SYBR Green qPCR kit. All qRT-PCR experiments were done in triplicate.
Immunoprecipitation and Western Blotting
For immunoprecipitation, 50 ml cultures were washed and lysed in 500 ml NP-40 buffer (10 mM sodium phosphate [pH 8.0], 150 mM NaCl, 0.25% NP-40, and Roche Complete protease inhibitor cocktail) by bead beating. 25 ml of lysate was used for input sample and the rest was added to either monoclonal anti-HA agarose (Sigma) or RNAP b mouse monoclonal antibodies (Affinity BioReagents, Golden, CO) immobilized on GammaBind G Sepharose (GE healthcare) and rotated overnight at 4 C. The matrix was washed 33 with NP-40 buffer. SDS-PAGE loading buffer was added directly to the RNAP b antibody matrix and analyzed by western blotting. Anti-HA immunoprecipitations were eluted with 50 mM Tris-HCl [pH 7.5], 50 mM NaCl, 500 mg/ml HA peptide (Roche), and protease inhibitors. For western blot analysis, cells were lysed in 100 ml of NP-40 buffer by bead beating three times and adding lysates directly to SDS-PAGE loading buffer.
DNA Microarrays
RNA was prepared from 20 ml of mycobacteria cultures with TRIzol (Invitrogen), bead beating 33 (FastPrep, Thermo Scientific), and QIAGEN's RNAeasy RNA clean-up protocol. The RNA was reverse transcribed into cDNA with the Stratagene Fairplay kit. cDNA coupled to fluorescent dyes Cy3 and Cy5 (GE Healthcare) were hybridized to gene chips spotted four times with oligos representing 6746 M. smegmatis ORFs (obtained from TIGR through the Pathogen Functional Genomics Resource Center). Experiments were done in triplicate and results were processed with GenePix software and analyzed in GeneSpring GX.
TLC of Intracellular Nucleotides
Cultures were diluted to an OD600 of 0.05 in 7H9 media either with or without 50 ng/ml ATc for 10 hr. 100 mCi/ml of 32 P KH 2 PO 4 (specific activity 900-1100 mCi/mMole, Perkin Elmer) was added to 5 ml of culture and incubated for 6 hr while rotating at 37 C. Labeled samples were washed once and starved for 3 hr in TBS + 0.05% Tween 80, treated with 10.0 mM H 2 O 2 for 1 hr, or left untreated. After treatment, cells were washed once with 25 mM Tris HCl (pH 7.9), 10 mM EDTA, 50 mM dextrose, resuspended in 25-50 ml of 8 M formic acid, and incubated on ice for 10 min. Cell suspensions were frozen on dry ice and thawed at 37 C three times. Cell debris was spun down and the supernatant was phenol chloroform extracted.
32
P-labeled intracellular nucleotides were separated on a 20 3 20 cm plastic PEI cellulose F TLC plate (EMD Chemicals) with 1.5 M KH 2 PO 4 (pH 3.4) as a solvent and exposed to a phosphoimager screen (Fuji). 2 ml of 100 mM nonradioactive ppGpp (Trilink, San Diego, CA), ATP, and GTP (kindly supplied by Krishna Sinha, MSKCC, NY) were also loaded on the TLC plate as markers and visualized by exposure to UV.
Animal Infections
Before infection, exponentially replicating mgm1799 and mgm1797 growing in the absence of ATc were washed in PBS + 0.05% Tween 80, and sonicated to disperse clumps. 8-to 9-week-old female C57Bl/6 mice (Jackson Laboratory) were exposed to 8 3 10 7 CFU of the appropriate strain in a Middlebrook Inhalation Exposure System (Glas-Col), which delivers 100 bacteria per animal. Groups of infected mice received 1.5 mg/ml doxycycline (Sigma) in drinking water containing 5% sucrose twice a week. Bacterial burden was determined by plating serial dilutions of lung and spleen homogenates onto either 7H10 agar plates or 7H10 plates containing streptomycin. Plates were incubated at 37 C in 5% CO 2 for 3 weeks prior to counting colonies. Mouse procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Sloan Kettering Institute.
ACCESSION NUMBERS
The microarray data discussed in this publication have been deposited in NCBI's Gene Expression Omnibus and are accessible through GEO Series accession number GSE15437.
SUPPLEMENTAL DATA
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